when performing experiments. Uncovered patches are detectable by both force curve measurements and height measurements. We tested naked mica's ability to cause aggregation as seen by AFM, and found this to be low compared to preparations containing negatively charged lipids. Work with lipids also carries the risk of chemical degradation taking place during vesicles preparation or other handling of the lipids. We therefor use 31 P NMR to quantify the head-group content of commonly used commercial extracts before and after a standard protocol for vesicle production is applied.
& Two flexible polypeptides, A-Lnk-C and A-Cage-C, interacting with zwitterionic lipid bilayers at pH 4.5 and pH 7.4. Lipid bilayers prepared by spin-coating onto mica characterized by AFM force measurements in solution. Naked mica subject to polypeptide exposure and imaged using AFM in solution. Quantitative 31 P NMR acquired on lipid samples suspended in CUBO solvent.
Experimental features
CD and fluorescence data on polypeptide-lipid interaction at neutral and acidic conditions. AFM images acquired in tapping mode in buffer. Phosphatidic acid is present (at 0.7%) in presumably freshly extracted commercial lipids, and present (at 5.6%) after extrusion to vesicles using standard protocols.
Atomic force microscopy height-and force-measurements can be applied to characterize lipid bilayers on mica produced by spin-coating.
Atomic force microscopy data show the interaction of two peptides (pIs 4.2 and 7.0) and bare mica at pH 4.5 and pH 7.4 Circular dichroism in the far-UV region and a ANTS/DPX FRET-based vesicle leakage assay show the changes in secondary structure and membrane perturbation capability of the two peptides when interaction with zwitterionic vesicles
Data
The size distributions of large unilamellar vesicles (LUVs) prepared by extrusion are presented in (Fig. 1) . Solution phase 31 P NMR was used to determine the lipid compositions of the LUVs and to elucidate whether modulations in lipid composition occurred during vesicle preparation (Fig. 2) . The fold and membrane perturbation capability of the linking segments, Cage-only and Lnk-Only, from the A-Lnk-C and A-Cage-C peptides was investigated by urea denaturation and a Förster Resonance Energy Transfer (FRET) -based membrane leakage assay (Figs. 3 and 4) . The tryptophan environment and secondary structure of A-Lnk-C and A-Cage-C in the presence and absence of zwitterionic LUVs is shown in (Figs. 5 and 6 ). Then, the efficacy of depositing lipid bilayers on mica by spin-coating was elucidated by Atomic Force Microscopy (AFM). The presence or absence of bilayers were assessed by probing the prepared surfaces using the tip of the AFM cantilever (Fig. 7A) , and height-profiling of the bilayers (Fig. 7BC) . Finally, the aggregation of the polypeptides at neutral and acidic conditions in the presence of mica was investigated by AFM in solution (Figs. 8 and 9).
Experimental design, materials and methods

Materials
A-Lnk-C (EQLTKAEVFRELKDLKGYVGRAWKAGVISAAKFLDDDLTDDIMAVKKILDKVG) and A-Cage-C (EQLTKAEVFRELKDLNLYIQWLKDGGPSSGRPPPSFLDDDLTDDIMAVKKILDKVG) were obtained using recombinant expression in E. coli as described in [1] . Cage, based on a Trp-Cage fold (NLYIQWLKDGGPSSGRPPPS, molecular weight 2169 Da, theoretical pI ¼8.59, [3] , and Lnk, based on a random basic sequence (KGYVGRAWKAGVISAAK, molecular weight ¼ 1762 Da, theoretical pI ¼ 10.46), were produced by CPC Scientific using solid-phase Fmoc/t-Boc synthesis. Egg yolk phosphatidylcholine (EYPC) and porcine brain phosphatidylserine (PBPS) were obtained from Avanti Polar Lipids. AFM cantilevers TR400PSA were obtained from Olympus and Mica grade V1 were obtained from Electron Microscopy Sciences. All other reagents were purchased from Sigma-Aldrich. 
Vesicle preparation
Briefly, vesicles consisting of EYPC and PBPS lipids (1:1 ratio, for DLS measurements, leakage assays and quantitative 31 P NMR) or EYPC only (CD and intrinsic fluorescence assays) were prepared by extrusion of hydrated multilamellar lipid aggregates using a protocol adapted from [2] . The hydrated multilamellar lipids were prepared as follows: In a glass vial covered in foil, appropriate amounts of lipids, dissolved in chloroform, was added. The solvent was evaporated using a stream of N 2 gas, producing a lipid film. After addition of buffer at pH 4.5 (5.4 mM citric acid, 6.4 mM Na 2 HPO 4 , 50 mM NaCl) or 7.4 (16 mM K 2 HPO 4 , 4 mM KH 2 PO 4 , 50 mM NaCl), the solution was flushed with N 2 gas, stoppered, and incubated overnight at 37°C and 250 rpm. Finally, the hydrated lipid mixture was subjected to freeze-thawing in liquid N 2 ( À 196°C) and water (60°C) for 6 cycles. A Mini Extruder (Avanti Polar Lipids) was used to pass the hydrate lipid mixture through a double polycarbonate filter (100 nm pore size, Whatman) 9 times, and its visual appearance changed gradually from milky to transparent during this process. For a description of how to assemble, use, and clean the extruder, please refer to [3] . The extruded solutions was collected in a foil-wrapped glass tube, flushed with N 2 gas, and used the same or following day for experiments. Total lipid concentration was 1 mM for both neutral and acidic pH vesicle suspensions. To perform FRET-based leakage assays, it is necessary to include a fluorophore (8-aminonaphtalene-1,3,6,-trisulfonic acid, ANTS) and a quencher (p-xylenebis-N-pyridinium bromide, DPX) into the vesicles. For the preparation of LUVs with ANTS and DPX encapsulated, vesicles were produced as above, except that the buffers in question also contained 12.5 mM ANTS and 45 mM DPX. After the final extrusion step, the unencapsulated ANTS and DPX was removed by gel-filtration using a PD-10 column (gravity protocol, GE Healthcare).
Dynamic light scattering
The size distribution of the LUVs was determined by Dynamic Light Scattering using a Zetasizer Nano ZS (Malvern Instruments). The following settings were used: Material Refractive Index: 1.45; Solvent Refractive Index 1.333; Viscosity, 0.9238; Scatter Angle 173°. Experiments were performed at Vesicles consisting of EYPC and PBPS lipids (1:1 ratio, 800 μL cuvette volume containing a total of 250 μM lipids) encapsulated with ANTS and DPX were prepared as described above in Section 2.1. The vesicles were subjected to polypeptide concentrations as indicated, and fluorescence emission intensity at 510 nm was recorded. Full ANTS/DPX release from vesicles was achieved by the addition of Triton X-100 (10 mL, 135 mM). Data is plotted as the percentage of the fluorescence intensity at 510 nm before and after addition of Triton X-100 addition. The properties of the A and C helices of the A-Lnk-C and A-Cage-C peptides in relation to lipid interaction are documented in Baumann et al. [13] . 25°C using an equilibration time of 10 s, and 20 runs with an individual run duration of 20 s. The lower and upper threshold setting was 0.1 nm and 6000 nm, respectively.
Quantitative 31 P NMR of the lipid extracts
Samples of the lipid mixtures were collected from both lipid films and from vesicles. The latter were freeze-dried before preparation of the NMR samples. The dried lipid mixtures were dissolved using the CUBO (Culeddo-Bosco) solvent system, consisting of 1 ml dimethylformamide and 0.3 mL trimethylamine by volume, and 100 mg guanidinium chloride [4, 5] . 500 mL of CUBO solvent volume and ca. 15 mg/mL lipid per sample were used, as this setup dissolve all lipid species and provide good signal dispersion for quantitative 31 P NMR [6] . 1D 31 P NMR was performed on a Bruker AV500 MHz instrument fitted with a BBO probe at room temperature. Acquisition parameters were as follows: TD: 32k, ns: 4196, ds: 2, d1: 4s, SW: 19.98 ppm, and proton decoupling was achieved using the Waltz-16 pusleprogram. The spectra were processed in Topspin applying 1.5 Hz line broadening to the FID prior to Fourier transformation using for deconvolution (the "decon" function in Topspin) and peak The change in force exerted by the cantilever as the tip approaches and bends at the surface of the substrate. In both curves, representing neutral and acidic pH, a "jump" occurs of lengths close to that of a typical lipid bilayer. B and C) Height traces from an AFM image showing the height difference between mica and lipid-covered surfaces. Fig. 8 . Association of A-Cage-C on naked mica imaged by AFM in solution. AFM z-sensor images were acquired of A-Cage-C, with the indicated concentrations, at pH 7.4 (upper panels) on mica. Subsequently, the pH was lowered to pH 4.5 and images were acquired (lower panels) All images were acquired in tapping mode, and subjected to standard flattening procedures using Gwyddion. Scale bars are 1 mM and 200 nm for the insets, respectively. The height color gradient is 0-15 nm for all images.
integration for signal quantification. Each signal was assigned a percentage of the sum of all phospholipid integrations.
ANTS-DPX fluorescence monitored leakage assays
FRET-based vesicle membrane integrity assays were performed to determine whether Cage-only or Lnk-only were able to induce leakage comparable to A-Cage-C and A-Lnk-C in LUVs. Vesicles consisting of EYPC and PBPS lipids (1:1 ratio) with ANTS and DPX encapsulated were prepared as described above in Section 2.1. At high concentrations inside the vesicles, the ANTS/DPX fluorophore/ quencher pair will have a low fluorescence response. If the vesicle bilayer is perturbed by membrane active substance, ANTS and DPX will be released and diluted. DPX can then no longer effectively quench ANTS, and there will be an increase in the fluorescence of this substance [7] . Initial samples of 800 μL containing 250 μM EYPC:PBPS were prepared and A-Lnk-C, A-Cage-C, Cage-only or Lnk-only were each added stepwise between the measurements up to 40 mM of peptide concentration. Then, the detergent Triton-X (10 μL of 135 mM stock solution) was added to the cuvette to release all remaining ANTS and DPX.
Fluorescence spectroscopy was carried out using a LS50B florescence spectrometer (Perkin Elmer). Samples were excited at 355 nm and scanned from 450 nm to 550 nm, using slit widths of 5 nm, a scan speed of 200 nm min À 1 , and 3 averaged scans per experiment. The experiments were carried out at 25°C. Buffer only was used as blanks and subtracted using the FL WinLab software. In the data analysis the measured intensities were adjusted to account for the dilution as protein were added using a simple linear relationship. The measurements containing only LUVs in buffer were arbitrarily set as 0% leakage and the measurements where Triton-X was added as 100%, based on the intensities at 510 nm which is the at λ max of ANTS.
Urea denaturation and intrinsic tryptophan fluorescence spectroscopy
Each peptide investigated contains one single tryptophan in their sequence. Tryptophans are fluorophores sensitive to changes in the polarity of the local environment and thus a useful reporter Fig. 9 . Association of A-Lnk-C on naked mica imaged by AFM in solution. AFM z-sensor images were acquired of A-Lnk-C, with the indicated concentrations, at pH 7.4 (upper panels) on mica. Subsequently, the pH was lowered to pH 4.5 and images were acquired (lower panels) All images were acquired in tapping mode, and subjected to standard flattening procedures using Gwyddion. Scale bars are 1 mM and 200 nm for the insets, respectively. The height color gradient is 0-15 nm for all images. on whether it is protected from the solvent by a fold or embedment into a lipid bilayer. Intrinsic tryptophan fluorescence spectroscopy was performed using a LS50B florescence spectrometer (Perkin Elmer). The excitation wavelength was set to 295 nm (290 nm in the case of urea denaturation experiments, vide infra) and emission was measured from 310 nm to 380 nm using a scan rate of 25 nm/min, and the slit width was 5 nm for both excitation and emission. Samples of 5 mM peptides at either pH 4.5 (5.4 mM citric acid, 6.4 mM Na 2 HPO 4 , 50 mM NaCl) or 7.4 (16 mM K 2 HPO 4 , 4 mM KH 2 PO 4 , 50 mM NaCl) were prepared in the presence and absence of various concentrations of EYPC LUVs and loaded in a cuvette (Hellma 104-QS, light path-length 10 mm) and scanned three times. In the case of urea denaturation, experiments were performed in buffer at pH 7.4 (16 mM K 2 HPO 4 , 4 mM KH 2 PO 4 , 50 mM NaCl) and increasing amounts of urea (0-10.45 M). Polypeptide concentration was 2 mM. All samples were blank corrected using appropriate blank samples. Data was plotted using the approach described in Mårtensson et al. [8] . Briefly, a wavelength corresponding to a tryptophan in a hydrophobic environment and an exposed tryptophan environment is picked. The intensity of the hydrophobic wavelength (usually picked between 320 nm-335 nm) is divided by the intensity at the wavelength of the exposed situation (usually picked between 350 nm-355 nm). Since fluorescence emission produced very broad spectra, this ratio is used as a useful proxy variable for tracking changes in the spectrum, instead of relying on visual inspection of very broad and overlapping peaks.
Circular dichroism spectroscopy
In order to track changes in secondary structure, CD spectroscopy in the far-UV region (190-260 nm) was performed. For reviews on the application of CD to polypeptides, please see [9, 10] . The experiments were carried out on a Jasco J-810 spectropolarimeter (Jasco Analytical Instruments fitted with a Peltier element for temperature control), and experiments were performed at 25°C. Samples with 50 mM peptide and various concentrations of EYPC LUVs at pH 4.5 (5.4 mM citric acid, 4.6 mM Na 2 HPO 4 , 50 mM NaCl) or 7.4 (16 mM K 2 HPO 4 , 4 mM KH 2 PO 4 , 50 mM NaCl) were loaded in a 1 mm quartz cuvette (Hellma 110-QS). Each sample was scanned three times at 50 nm/min using a bandwidth of 0.2 nm, and a data pitch of 0.1 nm. The recorded HT voltage and absorption showed that the samples had low levels of light scattering and absorption down to 200 nm and tolerable down to 190 nm. The data series were acquired using the same peptide stocks. Their concentration was determined by UVvis absorption at 280 nm [11] , using a NanoDrop ND-1000 Spectrophotometer. The data was blank corrected using the instrument manufacturers' software, and converted from optical rotation to mean residual ellipticity (ϴ) using the equation ϴ¼ɛ/10 Á C Á n Á l). Here, ɛ is the measured ellipticity, l is the path length (cm), C is the determined peptide concentration (M), and n is the number of amino acid in the peptides, which are 53 (A-Lnk-C), 56 (A-Cage-C).
Atomic force microscopy
AFM data was acquired using a MFP-3D-Bio (Asylum Research) instrument equipped with a TR400PSA1 (Olympus) cantilever. Imaging was performed in tapping mode and force curves were obtained in contact mode, operating in liquid environment using a Fluid Cell Lite (Asylum Research) at room temperature. The samples were hydrated for at least 1 h in buffer (150 mM NaCl, 10.1 mM Na 2 HPO 4 and 0.9 mM citric acid, pH 7.4) before imaging and injection of peptide, having a total volume of 1.5 mL. Lowering pH of buffer from neutral to acidic was achieved by titration using a solution of 150 mM NaCl, 100 mM citric acid. The AFM data was processed using Igor Pro (Wavemetrics) and Gwyddion [12] .
Force measurements
Forces between the AFM tip and the sample surface can be approximated using Hooke's law, and depend on the surface probed, the cantilever tip material and the medium in which the experiment takes place. Force measurements can therefore be used to differentiate between different surface types within the same setup. To estimate the force between the cantilever tip and a given surface, the spring displacement, Δx, is substituted by a term for cantilever displacement. This displacement is calculated as the slope of cantilever deflection when its tip is pushed against an atomically flat surface. Using the slope of contact region, usually referred to as the detection inverse optical lever sensitivity (invOLS), the force can be calculated using a modified Hooke's law:
where k is the cantilever spring constant, z is the piezoelectric z-sensor position, s d is the slope of contact region (deflection invOLS), V d is the detection voltage. AFM force measurements are usually plotted as z-sensor position versus force. The samples subjected to AFM force measurements were prepared using a EYPC:PBPS lipid mixture which was spin-coated on grade V1 mica (Electron Microscopy Sciences). To control for the presence of lipid bilayers at a given point of mica-supported bilayers, the cantilever tip was pressed onto the surface in contact mode. If lipids are present, the cantilever will push through the bilayer when a certain critical force is attained. This breakthrough can be observed as abrupt leap in forcedistance plots.
